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Abstract 
Irradiation effects on the stable and unstable deformation behavior and fracture properties of SA533B steel have been studied in 
detail based on the equivalent true stress versus true strain curves. An iterative finite element simulation technique was used to 
obtain the equivalent true stress-true strain curves from experimental load-displacement data. The results showed the localized 
necking occurs without diffuse necking for high dose irradiated cases that showed negligible uniform ductility in engineering 
stress-strain curves. Slope of true stress-strain curves was still positive during the unstable necking deformation regardless of 
irradiation dose level, and the slope considerably varied with necking mode change rather than with irradiation dose level. The 
equivalent fracture stress decreased with increase in dose level up to 0.1dpa and slightly increased above dose level. The 
equivalent fracture strain decreased with increasing dose level up to 0.1dpa and then decreased at lower rate, but it was still high 
after high dose irradiation exposure even if uniform ductility was almost zero. These dose dependences of tensile fracture stress 
and fracture strain are related with the fact that density of irradiation induced defects increases with increasing dose and is 
saturated at dose around 0.05dpa. 
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1. Introduction 
One of the major aging mechanisms of nuclear components is degradation of material properties caused by 
irradiation, so it is important to understand the characteristics of irradiated materials for structural design and life 
time evaluation of nuclear components. A number of studies have been conducted to clarify the change in the 
mechanical properties of materials under intense radiation environment [1-4]. The results showed that the strength, 
ductility, and strain hardening capacity were significantly changed by irradiation. In particular, the irradiation 
hardening was often accompanied by changes in the stress-strain curve along with the appearance of yield drop and 
by a significant reduction in strain hardening capacity [4-5]. However, most of these radiation-induced changes were 
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observed for the uniform deformation regime only based on the engineering stress (VE)- engineering strain (HE)  
curves, and consequently the radiation effect on the unstable deformation has been often ignored although in most 
cases its range is larger than that for uniform deformation. To understand the radiation effect on deformation and 
fracture characteristics of materials in detail, therefore, it is necessary to produce full true stress-true strain data 
covering yielding, uniform deformation, unstable deformation, and final failure.  
It was shown that the analysis of true stress (VT)-true strain (HT) data can suggest new descriptions for irradiation 
effect on strength and ductility of materials, and it also can evaluate irradiation effect on plastic instability and 
fracture properties [5-7]. Byun [5,6] investigated irradiation effects on the fracture stress (VF), fracture strain (HF), 
and strain hardening rate from the tensile data for various materials using liner strain hardening approximation. 
However, it was based on the nominal true stress and true strain relationship instead of equivalent true stress and 
true strain relationship that represents more general stress and strain response of a material and is nearly independent 
of specimen geometry. Recently, our previous study developed a procedure for determining full equivalent true 
stress-true strain curve including unstable necking deformation in tensile data and investigated the irradiation effect 
on the deformation behavior and fracture properties from tensile data for irradiated austenitic stainless steels based 
on equivalent true stress and true strain relationship [8]. It is known that FE simulation technique can accurately 
evaluate equivalent true stress-true strain curve from the tensile data given by flat specimen as well as round bar 
specimen [98]. 
The objective of this study is to investigate the irradiation effects on deformation behavior and fracture 
characteristic of irradiated SA533B steel from tensile data. This study determined full equivalent true stress-true 
strain curves including unstable necking deformation from tensile data for SA533B steel irradiated to various doses 
using FE simulation technique. The strain hardening rate and tensile fracture properties, equivalent fracture stress 
and fracture strain, were analyzed based on the equivalent true stress-true strain curves, and the dose dependence of 
these properties for SA533B steel was investigated. 
2. Tensile Data 
Tensile data for irradiated SA533B steel obtained from earlier study [4] were analyzed in the present study using 
iterative FE simulation technique. SA533B steel is a low alloy steel commonly used as reactor pressure vessel of a 
commercial light water reactor. The material was irradiated to five levels of neutron dose, 0.0, 0.001, 0.01, 0.1, and 
0.89, and tested at ambient temperature. Irradiation was conducted at the hydraulic tube facility of the high flux 
isotope reactor (HFIR) at the Oak Ridge National Laboratory. In the HFIR irradiation facility, irradiation 
temperature was estimated to be in the range of 60-100oC. Tables 1 and 2 summarize the chemical composition and 
thermo-mechanical treatment of the test material and the irradiation and test conditions, respectively.  
 
Table 1 Materials and heat-treatment [9 ] 
Material Chemical composition Heat treatment 
SA533B Fe-0.22C-0.25Si-1.48Mn-0.52Mo-0.68Ni-0.018S-0.012P Annealed at 880oC for 4h and air cooled, tempered at 
660oC for 4h, reheated at 610oC for 20h. 
 
Table 2 Irradiation and test conditions [9] 
Material Irradiation facility Dose range (dpa) Irradiation temperature (oC) Test temperature (oC) Specimen type 
SA533B HFIR 0-0.89 60-100 20 BES/NERI 
 
Small-sized flat specimen (BES/NERI type), whose gage section dimension is 8mmŐ1.5mm×0.25mm, was 
employed for tensile tests. All tests were conducted in the screw-driven machine at quasi-static nominal strain rate 
of about 10-3s-1. Figure 1 presents engineering stress-engineering strain curves of irradiated SA533B steel analyzed 
in the present study. The figure shows that the VE- HE curves are considerably changed by irradiation: increase in 
strength and decrease in elongation. In particular, the VE- HE curves irradiated to above 0.1dpa show negligible 
uniform plastic strains and a pseudo-yield drop followed by continuous softening to failure. This shows that the 
deformation behavior and ductility of SA533B steel is strongly affected by radiation exposure. 
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3.  Finite Element Simulation 
A procedure applied to determine full equivalent true stress-true strain curve including unstable plasticity regime 
in tensile deformation was the same as that described in the previous study [8]. The equivalent true stress-true strain 
relation to onset of necking was directly obtained from the experimental load (F)-displacement (į) data using the 
following Eqs. (1) and (2): 
VT=F/Ao(į/Lo+1)         (1) 
HT=ln(į/Lo+1)         (2) 
where Ao is the initial cross-sectional area of specimen and Lo is the initial gage length. 
The curve after onset of necking was determined by iterative FE simulations until the numerical calculation of the 
load and unstable deformation corresponded well with the experimental data. FE simulation was performed using a 
general-purpose finite element program, ABAQUS [10]. As shown in Fig. 2, the FE model used in the analysis is 
three-dimensional one-eighth model that consists of 20-node solid element with reduced integration (C3D20R in 
ABAQUS). Finer meshes were modeled near the center of the specimen where the strain gradient was expected to 
be large; at the center of the specimen twenty and four elements were layered in the width and thickness directions, 
respectively. The number of elements and element size were optimized based on the convergence test. Material and 
geometrical nonlinearities were considered in the analysis to properly simulate the necking of specimens: materials 
were modeled as isotropic elastic-plastic materials that obey the incremental plasticity theory. The nonlinear 
geometry option (NLGEOM) in the ABAQUS program was chosen to incorporate large geometry change. A 
geometrical imperfection in a form of localized reduced width and thickness of an amount 0.25% of their 
dimensions was embedded in the model to allow the initiation of necking. In spite that the material damage and 
bifurcation of specimen should be considered to accurately simulate the deformation beyond the onset of localized 
necking, these were not taken into account in the present model for simplicity.  
In order to verify finite element model used in this study, the simulated and experimental load-displacement 
curves were compared in Fig. 3. In all cases, the predicted and measured loads and displacements at the onset of 
necking were almost identical. It was also possible to almost completely match the load-displacement curve with the 
experimental one for necking deformation up to the final failure. In particular, the simulated load agreed well with 
the experiment one even if VE- HE curves showed a pseudo-yield drop followed by continuous softening to final 
 
 
Fig. 1 Engineering stress-engineering stress curves Fig. 2 Finite element model for simulation of tensile data 
5.0
17
.0
10
.0
8.
0
R1.0
1.5
0.25
M
od
el
ed
 se
ct
io
n
2.
0
'l, F
G
x
y
z
3420  Jin Weon Kim and Thak Snag Byun / Procedia Engineering 10 (2011) 3417–3422
failure. Therefore, it is believed that the FE model successfully simulates the load-displacement responses of tensile 
data including the early failure process such as the localized necking as well as global diffuse necking and that the 
deformation behavior and failure properties can be reliably calculated by FE simulation. 
4. Results and Discussion 
4.1. Deformation behavior 
Figure 4 presents full equivalent VT-HT curves including unstable necking deformation for SA533B steel 
irradiated to various doses, which were determined by the iterative FE simulations. At lower doses below 0.01dpa, 
the equivalent VT-HT curves are almost identical regardless of irradiation dose level, except that yield stress increases 
with increasing dose level. Above 0.1dpa, however, the equivalent VT-HT curves were clearly higher than those 
below 0.01dpa. Also, the curves at doses of 0.1 and 0.89dpa initially dropped and then increased with increasing 
true strain, even though the slope was lower than that at lower doses. This indicates that the strain hardening rate of 
irradiated SA533B is still positive regardless of irradiation dose level, even though the engineering stress-strain 
curves showed a continuous softening after yielding. 
In order to examine influence of onset of necking on the equivalent VT-HT behavior for irradiated SA533B steel, 
the diffuse and localized necking points were indicted on the equivalent VT- HT curves shown in Fig. 4. The onset of 
localized necking was determined from the strain contour. It was indicated that onset of localized necking is 
evidenced by spreading maximum principal logarithmic stain contour along an oblique plane of specimen [8]. All 
specimens showed onset of localized necking before final failure. At doses below 0.001dpa, the localized necking 
was started after some amount of unstable plastic deformation by diffuse necking, and there was no slope change in 
the VT-HT curves at the onset of localized necking as well as diffuse necking. At dose of 0.01dpa, however, the slope 
of the VT-HT curve clearly reduced after onset of localized necking, and the reduced slope was similar to that at 0.1 
and 0.89dpa. Above 0.1dpa where plastic instability occurred at yield, the onset of localized necking appeared at 
yield point without diffuse necking. Thus, the lower strain hardening rate at higher irradiation doses would be 
associated with early onset of localized necking rather than irradiation hardening mechanism. 
Consequently, it is indicated that strain hardening rate in the equivalent VT- HT curve was still positive during the 
unstable necking deformation, even if a pseudo-yield drop followed by continuous softening appeared in VE-HE  
curves,  and the strain hardening rate was sensitive to the necking mode transition rather than irradiation dose. 
  
Fig. 3 Comparisons of load-displacement curves obtained from 
experiment and FE simulation for irradiated SA533B. 
Fig. 4 Equivalent true stress-true strain curves of irradiated SA533B
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4.2.  Fracture properties 
To investigate irradiation dose dependence of tensile fracture properties for SA533B steel, the equivalent fracture 
stress and fracture strain were obtained from equivalent true stress-true strain curves. As discussed above, all 
specimens showed onset of localized necking before final failure. Once the localized necking started at flat 
specimen, the strain was concentrated at the necking plane. Thus, the fracture strain was determined from the 
average value of maximum principal logarithmic strain over the localized necking plane at the displacement 
corresponding to final failure in the load-displacement curve. The equivalent fracture stress was determined as a 
stress value corresponding to the fracture strain on the equivalent VT- HT curve. 
Figure 5 presents the equivalent fracture stresses for SA533B steel as a function of irradiation dose, together with 
the yield stress (VYS) and plastic instability stress (VPIS). The equivalent fracture stress decreased with increase in 
dose level up to 0.1dpa and slightly increased above dose level: the equivalent fracture stress at 0.89dpa was almost 
the same as that at 0dpa. It is seen that the equivalent fracture stress is less sensitive to irradiation dose compared to 
yield and plastic instability stresses, which considerably increased with increase in dose level up to 0.1dpa and then 
slightly increased above dose level; VYS at 0.89 dpa is about 2 times higher than that at 0dpa. Figure 6 presents the 
equivalent fracture strains as a function of irradiation dose, together with the uniform strain (HU) and total strain (HT). 
The equivalent fracture strain significantly decreased with increasing dose level up to 0.1dpa and then decreased at 
lower rate, but it was still high after irradiation exposure to 0.89dpa even if uniform ductility was almost zero.   
Therefore, it is indicated that the fracture properties were sensitive to irradiation dose in the range of 0-0.1dpa 
and less sensitive above dose level. These dose dependences of tensile fracture stress and strain are related with the 
fact that density of irradiation induced defects increases with increasing dose and is saturated at dose around 0.05dpa. 
5. Conclusions 
This study evaluated true stress-strain curves of irradiated SA533B steel using finite element simulation and 
investigated the effects of irradiation dose on the deformation behavior and tensile fracture properties. 
1) Localized necking occurred without diffuse necking when plastic instability occurred at yield.  
2) Strain hardening rate in the equivalent true stress-strain curve was still positive during the unstable necking 
deformation, and it varied with necking mode change rather than with irradiation dose. 
  
Fig. 5 Dose dependence of equivalent fracture stress for SA533B Fig. 6  Dose dependence of  equivalent fracture strain for SA533B 
0.0 0.2 0.4 0.6 0.8 1.0
0
200
400
600
800
1000
1200
SA533B
 
 
Eq
ui
v.
 tr
ue
 st
re
ss
, V
 [M
Pa
]
Irradiation dose [dpa]
 V
YS
 V
PIS
 VF
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 
 
SA533B
Tr
ue
 st
ra
in
, H
Irradiation dose [dpa]
 HU
 H
T
 H
F
3422  Jin Weon Kim and Thak Snag Byun / Procedia Engineering 10 (2011) 3417–3422
4) Equivalent fracture strain significantly decreased with increasing dose level up to 0.1dpa and then decreased at 
lower rate. But, it was still high after high dose irradiation exposure even if uniform ductility was almost zero. 
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